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ABSTRACT Among the pleiotropic effects of human in-
terferon are the inhibition of viral replication, the activation of
natural killer cells, and the inhibition of cellular growth. Oxy-
phenbutazone, a nonsteroidal antiinflammatory agent, is a po-
tent inhibitor of the antiviral activity of human o and § inter-
ferons as determined by cytopathic effect and vesicular stoma-
titis virus synthesis and release in human foreskin fibroblasts.
The inhibition of interferon activity is dose dependent with
maximal inhibition at 25-50 pM and minimal inhibition at 1
pM. In contrast, oxyphenbutazone at concentrations as high
as 100 @M has no effect on the activation of natural killer cells
by human interferon. Similarly, oxyphenbutazone has no in-
hibitory effect on interferon-induced antigrowth activity in the
human breast carcinoma cell line MDA-MB-231. This cell line
is sensitive to oxyphenbutazone inhibition of interferon-in-
duced antiviral activity in vitro. In another human cell line, the
vulvar carcinoma A431, oxyphenbutazone apparently augments
the antigrowth activity of interferon. Although oxyphenbuta-
zone inhibits the fatty acid cyclooxygenase enzyme in these sys-
tems, other inhibitors of cyclooxygenase fail to inactivate the
antiviral activity of human interferon. Thus, oxyphenbutazone
appears to inhibit the interferon antiviral cascade at a site dis-
tinct from prostaglandin biosynthesis. Moreover, the failure to
inhibit natural killer cell activation or cellular antigrowth ef-
fects of human interferon suggests a pathway different from
that associated with the antiviral effect of human interferon.

Although interferon (IFN) was discovered on the basis of its
antiviral activity (1-3). the IFN system has a much broader
functional basis of biological activity (4, 5). Among the bio-
logical effects of the IFNs on cells and tissues of homologous
origin are induction of antiviral activity, cellular antigrowth
properties, and enhancement of antibody-independent natu-
ral killer (WK) cell activity in peripheral blood mononuclear
cells. Using the nonsteroidal antiinflammatory agent oxy-
phenbutazone, we have demonstrated that the antiviral path-
way of IFMN-mediated activity is distinctly different from that
of NK cell activation and inhibition of growth in target cells.

METHODS

The methods used are abbreviated because they have been
extensively described elsewhere ().

Cell and Virus Culture. Cells used were human foreskin
fibroblasts (SG-181), a human breast cancer line (MDA-MB-
231), a human vulvar carcinoma line (A431), and a NK cell
target line (K562). Vesicular stomatitis virus (VSV) was
propagated in HeLa cells, and titers for infectious virus were
determined by plaque assay under an agar overlay.

Reagents. Oxyphenbutazone was a gift from C1BA-Geigy.
Human IFN-o was produced and partially purified by the
method of Familletti er al. (7); human IFN-8 was produced
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and partially purified by the method of Leong and Hor-
oszewicz (8). Titers of both [FNs were determined against
INF reference standards; each had a specific activity =10°
international units,/mg of protein, and both were inhibited by
specific antisera against each antigenic type. Culture media
and fetal calf serum were obtained from GIBCO. Seaplague
agar was obtained from FMC (Rockland, ME), and tryptose
phosphate was from Difco. [*"H]Thymidine (6.7 Ci/mmaol; 1
Ci = 37 GBq) was obtained from New England Nuclear, and
1ICr was obtained from ICN.

Assay of Antiviral Activity. VSV-induced viral cytopathic
effect was gquantitated in microtiter well plates by uptake of
the vital dye, neutral red, by viable cells (6). Dye extracted
from viable cells was quantitated colorimetrically at 340 nm
with a Flow Titertek colorimeter interfaced with a 64K Ap-
ple Il Plus microcomputer. Infectious virus release (VSV)
from infected cells was guantitated by counting the number
of macroscopic plagues at 5 days in the cell monolayer that
developed under an agar overlay at limiting dilutions of vi-
rus.

Antigrowth Assay. The antiproliferative response to IFN
was determined in tumor cells by either inhibition of [*H]thy-
midine uptake or the inhibition of colony growth in soft agar.

NK Cell Assay. Mononuclear cells from penpheral blood
of single donors were obtained by Ficoll-Isopaque gradient
centrifugation. Plastic adherent monocytes were removed by
incubating the peripheral blood mononuclear cells in a fetal
calf serum-coated plastic culture dish for two 2-hr periods.
Spontaneous natural killing activity was assayed by incubat-
ing the appropriately treated lymphocyte effector cells with
ICr-labeled K562 cells for 4 hr in RPMI 1640 medium/10%
fetal bovine serum at an effector/target cell ratio of 100:1.
NK cell eytotoxicity was determined as the amount of *'Cr
released to the medium after correction for nonspecific re-
lease.

Prostaglandin Quantitation. 6-Ketoprostaglandin Fy, and
prostaglandin E; were guantitated in culture media by radio-
immunoassay (6). The linear logit transformation of the data
standards vielded a linear correlation coefficient (r) of
=0.995 for all assays.

RESULTS

Oxyphenbutazone is an inhibitor of the enzyme faity acid
cyclooxygenase. We have shown previously, however, that
a functional cyclooxygenase enzyme is notl required for me-
diation of the pleiotropic activities of human IFN-a or [FN-g8
(6). The dose response of oxyphenbutazone inhibition of the
antiviral activity of human IFN-8 on human foreskin fibro-
blasts is shown in Fig. 1. Partial inhibition of antiviral activi-
ty is reproducible with as little as 1 uM oxyphenbutazone
with 50% inhibition at 2-3 uM. Complete inhibition is
achieved at 25-50 pM. In conirast, the cyclooxygenase in-

Abbreviations: [FN. interferon; MK, natural killer; ¥VSY, vesicular
stomatitis virus.
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Fic. 1. Dwose response of oxyphenbutazone inhibition of the
IFN-induced antiviral response. Vanoos drugs and human IFN-8
(100 undts,/ml) were incubated in the culture medium of 50G-181 cells
(human foreskin fibroblast) for 2 hr. Challenge was with V5V at 0.3
plague-forming unit per cell, IFN antiviral activily was quantitated
by neutral red uptake. Results represent mean * 1 5D. o, Oxyphen-
butazone; », aspinn; O, indomethacin; », phenbutazone,

hibitors aspirin, indomethacin, and phenbutazone have no
effect on antiviral activity. At 50 uM, each of the cyclooxy-
genase inhibitors (Table 1) achieve equivalent inhibition of
the cyclooxygenase-dependent synthesis of prostaglandin E;
and &-ketoprostaglandin Fy,, the major prostaglandins elabo-
rated by human fibroblasts (6, 9=11). Similar inhibition of the
antiviral activity of [FN-g by oxyphenbutazone in a human
breast cancer cell line, MDA-MB-231, is illustrated in Fig. 2.
Confirmation of the inhibitory activity of oxyphenbutazone
on the antiviral activity of human IFN was achieved by anal-
ysis of VSV release from infected human foreskin fibroblasts
(Table 2). Although indomethacin does not inhibit infectious
VSV release, 50 pM oxyphenbutazone blocks IFN-induced
inhibition of virus release. Although oxyphenbutazone is an
effective inhibitor of the antiviral activity of human IFN, it is
apparent that its activity is not cyclooxXygenase dependent.

The temporal order of addition of oxyphenbutazone and
IFN to target cells is critically important to the development
of the antiviral state. As shown in Table 3, oxyphenbutazone
must be added prior to I[FN addition to inhibit the antiviral

Table 1. Prostaglandin accumulation in human foreskin fbroblast
{SG181) culture medium incubated with various fatty acid
cyclooxygenase inhibitors

Accumulation,
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Fra. 2. Inhibition of the antiviral response in MDA-MB-231 (hu-
man breast carcinoma) cells by oxyphenbutazone, Varous drugs at
50 pM and human IFN-8 at 100 units,/ml were added to the culture
medium 2 hr prior (o challenge by VS8V al 0.3 plague-forming unit
per cell, IFN antiviral activity was gquantitated by neutral red up-
take. Resulis represent mean = 5D, Bars: 1, [FN; 2, IFN faspinn; 3,
IFN/indomethacin; 4, IFN/oxyphenbutazone.

% antiviral activity of IFN-g

activity of IFN. At the oxyphenbutazone concentration that
reduces IFN antiviral activity by 509 when added 5 min pni-
or to IFN, addition § min after IFN results in complete pro-
tection of the target cells from viral cytopathic effect. These
results show that the inhibition of the IFN-induced antiviral
state in target cells is an early event.

Although oxyphenbutazone is an effective inhibitor of
IFM-induced antiviral activity, the drug had no effect on
[FM-induced NK cell activation. The enhancement of NK
cell activity by human IFN on total peripheral blood mono-
nuclear cells and lymphocytes devoid of plastic adherent
monocytes and the lack of modulation of this biological re-
sponse by oxyphenbutazone are shown in Fig. 3; thrombox-
ane synthesis by contaminating platelets, however, is effec-
tively inhibited {data not shown). Removal of the peripheral
blood monocytes from the mononuclear cell population re-
sults in significant enhancement of cytotoxic activity against
K362 cells, although the effector/target cell ratio remains
constant (i.e., <35% monocyte removal). In unfractionated
mononuclear cells, the IFN stimulation of NK cell activity is
approximately 2-fold. The IFN-induced percéntage increase
in K562 cell cytotoxicity by monocyte depleted mononuclear
cells is only 8-10%% at a constant effector/target ratio.

Oxyphenbutazone has no inhibitory effect on the ant-
growth ;]:n::p-enica of human IFN. The IFN-induced inhibi-
tion of [*H]thymidine incorporation in the human cell lines
MDA-MB-231 and A431 is shown in Fig. 4. Oxyphenbuta-

ng,/ml zone, as well as aspirin and indomethacin, has no effect on
6-Keto the IFN-induced antigrowth a::!ivitjr _::rf]FN- 'The IFM anti-
Drug Conc., uM PGF,, BGE, growth effect, however, is amplified significantly in the A431
cell line while aspirin and indomethacin have no effect. To
Mone — 0.92 13
Indomethacin 10 0.17 1eZ Table 2. Effect of indomethacin and oxyphenbutazone on VSV
N 50 0.24 1.15 release in human foreskin fibroblasts (SG-181)
Aspirin ;g gf,; i:ﬁ: VSV released, pfu,/mi
Phenbutazone 10 0.31 1,72 None 9 = 10¢
50 0.25 119 Human IFN-8 (50 units/ml) 6 = 10¢
Oxyphenbutazone 10 0,35 2.62 Indomethacin (30 M) human IFN-8 5 = 10°
50 0.20 1.36 Oxyphenbutazone (50 pM)/human [FN-g8 7% W0

Media were analyzed by radioimmunoassay after 18 hr of expo-
sure to the indicated drugs together with human [FN-8 (104 interna-
thonal units/ml) and VSV (<0.5 plague-forming unit per cell). Quan-
titative determinations are based on a B/B;, vs. log concentration of
standards with a linear correlation coefficient (r) = 0.995. Results
shown are from a single experiment but are representative of several
independent experiments.

5G-181 cells were incubated for 2 hr in Eagle’s minimal essential
medium/ 5% fetal bovine serum confaining the indicated drugs prior
to infection with 2.8 = 10* plaque-forming units (pfu) of VSV, Cul-
tures were incubated for 18 hr and subjected to three cycles of
freeze-thaw. Replicate wells were pooled, and the growth medium
was harvested for virus determination by plague assay. The lack of
indomethacin efect has been reported by Forti e al. (6).
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Table 3. Effect of the temporal order of addition of
oxyphenbutazone and IFN on V5V-induced
cytopathic effect in human fibroblasts

Agent added % protection
At time 0 At 5 min by IFN-8 P
IFN 100 = 15
OFB IFN 49 = 14 0,003
IFN OFB 92 + 15 0,434

Agents were added in the indicated order at 100 international units
of human [FN-g per well and the concentration of oxyphenbutazone
(OPB) that gave 50% inkiibition when added prior wo addition of [FN.
WEY (0.3 plague-forming unit) was added 2 hr later, and cytopath-
ic effect was measured by neutral red dve uptake.

*By Student’s f test,

verify this observation in another analytical system, we ex-
amined the effect of oxyphenbutazone on A431 tumor colony
growth in soft agar (Fig. 5). Although the apparent IFN-in-
duced growth response is less and the variance of the mean
is greater as measured by growth in soft agar, oxyphenbuta-
zone appears to enhance the IFN-induced inhibition of A431
colony formation.

DISCUSSION

We have shown recently that a functional cyclooxygenase
enzyme is not required for mediation of the antiviral, anti-
growth, or NK activation effects of human IFMN-a or IFN-g
(6). Our results in a human system were in apparent dis-
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Fig. 3. NK cell activity in unfractionated (A) and partially puri-
fied (B) peripheral blood mononuclear cells in the absence (0) and
presence (m) of IFN-8 at 50 units/ml and various concentrations of
opyphenbutazone. (A) Bars: 1, no drug; 2-4, oxyphenbutazone at 1,
10, and 100 uM, respectively. (B) Bars: 1, no drug; 24, oxyphenbu-
tazone at 1, 50, and 100 uM, respectively. Results represent mean =
SD.
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Fio. 4. Effect of oxyphenbutazone on [FN-idduced antigrowth
activity of MDA-MB-231 (A) and A431 (B) cells. [*"H]Thymidine up-
take was determined 24 hr after addition of IFN-8 (100 units,/ml) to
culture medium. Drugs were used at 50 uM. 0, No [FN; m, [FN-2 at
100 units,/ml. Bars: 1, no drug; 2, oxyphenbutazone; 3, indometh-
acin; 4, aspirin. Kesults represent mean = 5D,

agreement with those of Pottathil ef al. (12), who linked inhi-
bition of cyclooxygenase in mouse L cells with the mediation
of IFN-induced antiviral activity. Paradoxically, the addition
l:rf prostaglandin E,, prostaglandin Es, or 6-ketoprostaglan-
din Fy, also inhibited IFN antiviral activity, suggesting that
the cyclooxygenase inhibitors in their murine system may be
acting through mechanisms unrelated to prostaglandinh bio-
synthesis. The same group further reported that a clone of
L1210 mouse leukemia cells resistant to the antiviral atd
antigrowth effect of IFN had a low endogenous level of ey-
clmxygenase {13). However, the resistance to [FN can be
more readily explained by the lack of a high-affinity recéptor
for [FN in the L1210 IFN-resistant clone (14). The report
that inhibitors of prostaglandin biosynthesis other than oxy-
phenbutazone inhibit IFN induction of 2,3-dioxygenase in
mouse lung (15) suggests that species differences may ex-
plain the disparity in data between mouse and human sys-
tems. It is possible that the cyclooxygenase-inhibitory drugs
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FiG. 5. Effect of oxyphenbutazone on IFN-induced antigrowth
activity of A431 cells. Tumor colonies were counted 2 wk after plat-
ing in soft agar in the absence (0) or presence (m) ¢f 100 units of IFN-
§ per microtiter well. Drugs were used at 30 uM. Bars: 1, no drug; 2,
oxyphenbutazone; 3, indomethacin; 4, aspirid. Rﬂulta represent
mean * 5D,
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have a wider spectrum of activity in murine systems than in
man and are acting at a site distinct from cyclooxvgenase but
required for the mediation of IFN activity.

The differential effects of oxyphenbutazone on the media-
tion of the pleiotropic activities of human IFN indicate that
the pathway for mediation of IFN-induced antiviral activity
in target cells is different from the pathway(s) for the NK cell
activation and antigrowth properties of [FN. Trivial reasons
such as binding of oxyphenbutazone to I[FN or to the IFN
membrane receptor do not appear to be operative because
differential effects in the pleiotropic activities are observed
(i.e., antigrowth activity is expressed in MDA-MB-231 cells
treated with IFN in the presence of oxyphenbutazone while
antiviral activity is not expressed). Moreover, the conclu-
sion that distinct molecular pathways are responsible for the
differential biological effects of IFN has been suggested pre-
viously through different ¢xp:rJneﬁts. Evinger ef al. (16)
demonstrated that the antigrowth/antiviral activity ratios of
the various species of natural human IFN-a are not constant
although they are intrinsic properties of the molecules. This
observation was confirmed by the demonstration that the
antiproliferative /antiviral activity ratios of various recombi-
nant human IFN-a molecules and hybrid gene IFNs varied
over a 12-fold range (17). Since inhibition of IFM-induced
antiviral activity by oxyphenbutazone occurs only if target
cells are exposed to the drug prior to or simultancously with
IFN treatment, the oxyphenbutazone-sensitive locus must
be an early step in the induction of antiviral activity. Caution
needs to be exercised in the experimental use of oxyphenbu-
lazone because, as we have observed, the drug deteriorates
with age, with only 1% of the IFN-inhibitory potency re-
maining after 2 years of storage at room temperature (data
not shown). In solution, the anti-IFN activity is greatly re-
duced after 1 day.

The apparent multiple pathways for IFN-induced activi-
ties may have their origin in differential gene activation. Hu-
man IFN-x and IFN -8 presumably haye structural homology
at their active binding sites (4), since they bind to the same
plasma membrane receptor (18). Little is known of the pen-
od following binding of IFN to its plasma membrane recep-
tor (5). Following this “silent™ period, there is an expression
of new cellular proteins, at least four of which have specific
enzymatic activities: a protein Kinase (14), 2’5" oligoadeny-
late synthetase (18), a phosphodiesterase (19), and an indole-
amine 2,3-dioxygenase (15). The protein kinase and 2'-5" oli-
goadenylate synthetase are unique in that they require dou-
ble-stranded RNA for activity. Two-dimensional gel elec-
trophoresis using conventional staining has shown that §-12
new proteins are induced in [FN-a- or IFN-B-treated cells
{20). Since at least two of these proteins are retained on dou-
ble-stranded RN A-agarose affinity columns, they may be re-
lated to the IFN-induced double-stranded RNA-dependent
enzymes (21). Although the remaining new cellular proteins
observed by two-dimensional gel electrophoresis may repre-
sent modification of preexisting cellular proteins, it is proba-
ble that a substantial number represented other newly in-
duced IFN-dependent gene products. The function and sig-
nificance of the other proteins and their role in [FN-induced
antiviral, antigrowth, and NK activation have not been de-
termined. However, biochemical alterations other than
those cited above have been reported that probably have a
direct or indirect relationship to IFN-induced gene activa-
tion. These include del:rressinn of the cytochrome P-450 sys-
tem (22), stimulation of t(RNA methylation (23), enhanced
expression of HLA antigens including S,-microglobulin (24),
decreased membrane fluidity (25), increased actin filament
polymerization (26), and enhanced expression of carcinoems-
bryonic antigen (26) and fibronectin (27). At the most recent
(1982) International Congress for Interferon Research, other
biochemical alterations reported included diminished ex-
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pression of pp60°ET in Rous sarcoma virus-transformed
rat cells, expression of a myxovirus-resistance protein in
mouse cells, and synthesis of a guanylate binding protein
(see ref. 5 for specific citations). The multiplicity of gene
products and biochemical events influenced by IFN is con-
sistent with our observation that IFN-induced antiviral ac-
tivity does not operate via the same biochemical pathway as
IFN-induced NK cell activation or antigrowth effects on tar-
get cells. The dissociation of antigrowth, antiviral, and NK
cell activities of IFN suggests that distinct molecular path-
ways are responsible for the pleiotropic biologic effects of
IFN and that differential gene activation may be the mecha-
nism by which these pathways are activated.

Although the chemical nature of the postulated mediators
of IFN differential gene activation is unknown, analysis of
the effect of oxyphenbutazone on cellular enzymatic pro-
cesses other than cyclooxygenase-dependent prostaglandin
synthesis appears to offer a useful analytical tool. It is likely
that the proposed mediators are closely related in structure
and that oxyphenbutazone manifests differential effects on
similar enzymes using a common substrate(s). Indeed, the
enhancement by oxyphenbutazone of IFN-induced anti-
growth activity in A431 cells suggests just such a mechanism
via substrate shunting toward an antigrowth state at the ex-
pense of a cellular antiviral state. It has been shown that the
antigrowth activity of IFN cannot be predicted from its anti-
viral activity (16, 17). Our experience is similar (unpublished
data). Thus the biological responses observed in different
cells and tissues to IFN may reflect the endogenous induc-
ible activities or partitioning of the various cellular enzymat-
ic processes responsible for mediation of differential gene ac-
tivation signals {(or both).
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